River ecosystem resilience to extreme flood events by Milner, Alexander M. et al.
Ecology and Evolution. 2018;1–10.	 	 	 | 	1www.ecolevol.org
 
Received:	3	January	2018  |  Revised:	14	May	2018  |  Accepted:	15	May	2018
DOI:	10.1002/ece3.4300
O R I G I N A L  R E S E A R C H
River ecosystem resilience to extreme flood events
Alexander M. Milner1,2  | Jessica L. Picken1,3 | Megan J. Klaar4  |  



































river	 ecosystem	 studied	 for	 30	years,	 a	major	winter	 flood	 reset	 the	 invertebrate	
community	to	a	community	similar	to	one	that	existed	15	years	earlier.	The	commu-
nity	had	not	recovered	to	the	preflood	state	when	recurrent	summer	flooding	9	years	



















2013)	 which	 will	 markedly	 alter	 their	 role	 in	 structuring	 riverine	
habitat	and	their	associated	biotic	communities	(Jones,	2013).	Long-	
standing	debates	 remain	unresolved	 regarding	 the	 relative	 impor-
tance	 of	 infrequent	 high	magnitude	 floods	 versus	 the	 cumulative	
effects	 of	more	 frequent	 lower	magnitude	 events	 on	 fluvial	 geo-
morphology	 and	 associated	biotic	 communities	 (Lewin	&	Macklin,	
2010;	Stanley,	Powers,	&	Lottig,	2010).	However,	while	 there	 is	 a	
growing	awareness	that	extreme	climate	events	will	modify	riverine	













following	 flooding	events	and	whether	 this	makes	 the	community	
more	resilient	or	 less	resilient	to	further	change	following	a	major	
event.	 In	 addition,	 a	 full	 understanding	 of	 the	 effects	 of	 extreme	
flooding	events	across	a	range	of	organismal	groups	has	previously	
been	hindered	by	the	lack	of	long-	term	predisturbance	data	to	per-
mit	 detailed	 insights	 into	 the	 interaction	of	 community	dynamics,	
successional	 processes,	 and	 river	 channel	 geomorphology	 (Poff	
et	al.,	1997).
In	 southeast	 (SE)	 Alaska,	 the	 summer	 of	 2014	 saw	 record-	
breaking	 prolonged	 high	 rainfall	 creating	 a	 series	 of	 large,	 recur-







Creek	proximal	 to	 the	study	area).	Significantly,	 these	events	 fol-
lowed	an	extreme	winter	flood	in	the	same	systems	in	November	
2005	(Milner	et	al.,	2013),	with	record	rainfall	(>650	mm	in	<72	hr)	
and	widespread	 flooding	 across	SE	Alaska	 (>1	 in	100	year	 flood).	
Contrasting	the	effects	of	these	events	provides	a	unique	oppor-
tunity	 to	 understand	 how	 the	 timing	 and	 recurrence	 of	 extreme	
climate	 events	 will	 alter	 river	 ecosystems	 and	 their	 subsequent	
recovery.














~70%	 glacial	 ice	 cover	 (58°59′49.84″N,	 136°9′57.05″W)	 in	Muir	
Inlet,	Glacier	Bay,	Alaska.	The	mouth	of	WPC	was	uncovered	by	ice	
retreat	in	the	mid-	1940s	and	the	stream,	fed	from	Lake	Lawrence,	
is	 now	 approximately	 2	km	 in	 length	 and	 flows	 over	 glacial	mo-




with	continued	decrease	 in	glacial	 ice	cover.	By	1997	 (<10%	gla-
cierization),	 alder	 (Alnus	 spp.)	 and	willow	 (Salix	 spp.)	were	 domi-
nant	with	riparian	plants	exceeding	3	m	in	height	and	pink	salmon	
numbering	>12,000	individuals.	In	2004,	the	glacial	ice	had	almost	
completely	 disappeared	 and	 the	 upper	 terraces	 supported	 in-
creasing	numbers	of	cottonwood	trees	(Populus trichocarpa)	along	
with	the	occasional	Sitka	spruce	(Picea sitchensis).	The	watershed	
is	 now	 dominated	 by	 cottonwood	with	 increasing	 abundance	 of	
Sitka	spruce.
2.2 | Channel profiles
Repeat	 channel	 cross	 section	 surveys	 were	 conducted	 in	 2006,	
2010,	 and	 2016	 using	 GPS	 referenced	 locations	 initially	 estab-
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and	 fixed	 in	 place.	 Topographic	 height	 change	 from	 each	 flood-
plain	 bank	was	 determined	using	 a	 Sokkia	 dumpy	 level	 (Topcon,	
Tokyo,	Japan),	tripod,	and	staff.	Floodplain	height	on	the	left	bank	
was	used	as	a	control	marker	to	account	for	differences	in	dumpy	
level	 setup,	 which	 allowed	 the	 cross	 sections	 to	 be	 comparable	
between	years.
2.3 | Salmon and invertebrates
Adult	 pink	 salmon	 spawners	were	 estimated	 using	 the	 average	 of	
counts	by	two	observers	walking	the	length	of	the	stream,	and	ju-
venile	 coho	 salmon	 densities	 were	 estimated	 with	 minnow	 traps	
baited	with	 salmon	eggs	and	 fished	 for	2	hr.	From	1986,	macroin-
vertebrates	 (animals	>	1	mm)	were	 collected	annually	 in	August	or	
early	 September	 randomly	 from	a	 representative	 sampling	 station	
located	0.75	km	from	the	stream	mouth	using	a	Surber	sampler	(10	
replicates;	 330-	μm	 mesh	 net)	 with	 the	 exception	 of	 1987,	 1995,	
and	2003.	Following	the	2005	extreme	winter	flood	event,	the	site	





Samples	were	collected	 randomly	 from	 the	 same	sampling	 station	











tions.	 Analyses	were	 run	with	macroinvertebrate	 and	meiofauna	
log10	 (abundance	+	1)	 data.	 Both	 analyses	were	 conducted	 using	
Bray–Curtis	dissimilarity	matrices	and	2000	restarts.	Persistence	
was	determined	using	 the	 index	of	 Jaccard	 (1912)	and	year	pairs	
for	 both	macroinvertebrates	 (23	 pairs)	 and	meiofauna	 (17	 pairs).	
Nonparametric	 multivariate	 analysis	 of	 variance	 (PERMANOVA)	
tested	the	null	hypothesis	that	differences	 in	stream	macroinver-
tebrate	community	composition	between	year	groups	before	and	
after	 the	 flood	 (i.e.,	 1996–2005	 vs.	 2006–2008	 vs.	 2010–2013)	
were	not	different	to	those	within	year	groups.	Analyses	were	run	
using	Bray–Curtis	(BC)	dissimilarity	scores,	with	10,000	permuta-
tions.	Generalized	 least	 squares	 (GLS)	 regression	of	 the	 two	 key	
chironomid	species	was	applied	to	 the	time	series	of	 log10	 trans-
formed	Diamesa davisii and Pagastia partica	 abundance	 after	 ini-
tial	analysis	revealed	significant	autocorrelation.	Models	took	the	







had	 decreased	 from	22	 to	 12.1	m	 and	 had	 become	 incised	 by	 up	
to	1.1	m	from	active	channel	surface.	Up	to	0.6	m	of	sediment	was	
deposited	where	water	originally	flowed	(Figure	2).	The	channel	has	
not	widened	 postflood	 and	 has	 continued	 to	 deepen,	 particularly	
after	the	2014	flooding	(Figure	2).	Pre-	2005	the	wider	channel	sup-







from	 the	 2005	 egg	 deposition—2-	year	 life	 cycle)	were	 <500	 com-
pared	 to	 the	 >14,000	 estimated	 in	 late	 summer	 2005	 before	 the	
flood.	However,	 in	2011	(i.e.,	within	two	generations),	pink	salmon	
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Nonmetric	Multidimensional	 Scaling	 (NMDS)	 analysis	 of	 changes	
in	 abundance	 and	 addition/loss	 of	 taxa	within	 the	macroinverte-
brate	 community	 over	 the	 30	years	 indicated	 two	 preflood	 suc-
cessional	 groups	 (Figure	3a):	 (a)	 the	 years	 1986	 to	 1994,	 and;	 (b)	
the	years	1996	 to	2005	due	 to	 the	extinction	of	early	colonizing	
taxa	 with	 increased	 water	 temperature	 and	 potential	 competi-
tion	 (Brown	 &	 Milner,	 2012;	 Flory	 &	 Milner,	 1995).	 Additionally	
in	 the	period	1996–2005,	 the	chironomid	Chaetocladius,	 the	cad-
disfly	 Ecclisomyia,	 and	 the	 families	 Gammaridae,	 Dysticidae,	 and	
Ceratopogonidae	 colonized	 and	 Simuliidae	 became	 more	 abun-
dant.	Immediately	after	the	major	winter	flood	of	2005,	the	years	
2006–2009	 showed	 a	 distinct	 “reset”	 of	 the	 macroinvertebrate	
successional	 community	 with	 the	 years	 on	 axis	 1	 lying	 between	
these	two	groupings.	A	number	of	chironomid	taxa	(see	Discussion	
below)	 and	 the	 predatory	 stonefly	 Suwallia tibialis	 were	 not	 col-
lected	 after	2005	and	Dysticidae,	Gammaridae,	Planorbidae,	 and	
Corixidae,	taxa	typical	of	slower	flowing	habitats,	were	also	elimi-
nated	 (Table	2).	During	 subsequent	 years	 (2010–13),	 the	 commu-
nity	did	not	recover	toward	a	pre-	2005	composition	but	to	another	
grouping	of	 the	 community	 toward	 the	negative	 region	of	 axis	 2	
(Figure	3a	 labeled	 in	purple).	PERMANOVA	analysis	 indicated	the	
community	 structure	 of	 these	 groups	 was	 significantly	 differ-
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Macroinvertebrate	 taxonomic	 richness	 increased	 from	 six	 in	





ness	 decreased	 from	16	 to	11,	 similar	 to	 a	 level	 last	 observed	 in	
1992.	Total	macroinvertebrate	abundance	was	reduced	to	a	greater	
extent	by	the	major	winter	flood	(by	an	order	of	magnitude)	than	
the	 atypical	 summer	 flooding	 (Figure	4a).	 In	 contrast,	 the	 meio-
faunal	 community	 increased	 in	 abundance	 following	 each	 flood	
period.	Higher	abundance	of	permanent	meiofauna	 (taxa	 that	 re-
main	within	the	meiofaunal	size	range	throughout	their	 life	cycle)	








The	 immediate	 postflood	 changes	 in	 the	 macroinvertebrate	

















similarity	 following	 the	 2005	 flood	 reset	 (see	 Appendix	 Table	1).	
After	 the	 2014	 floods,	 a	 number	 of	 chironomid	 taxa	 were	 elimi-
nated	which	 had	 persisted	 through	 the	 earlier	 extreme	 flood	 and	
this	group	would	appear	to	have	been	more	susceptible	to	the	atypi-







faunal	 community	was	 resilient	 following	both	 floods	 in	 that	 total	
abundance	of	the	meiofaunal	community	showed	negligible	change.	
Taxon	richness	increased	as	previously	unrecorded	species	became	
established	 in	 the	 community	 and	 other	 species	 recolonized	 after	
an	 absence	 of	 two	 or	more	 years.	 Nevertheless,	 the	 composition	
of	 the	 community	 changed	 following	 flooding;	 abundance	 of	 per-
manent	meiofauna	increased,	whereas	that	of	early	instar	macroin-
vertebrates,	such	as	Chironomidae,	decreased.	Overall	the	turnover	
of	 the	 meiofaunal	 community	 was	 smaller	 following	 the	 summer	











Taxa not collected after flood
Taxa colonizing (no of years 
present after flood) Taxa not collected after flood
Taxa colonizing (no of years 
present after flood)
Suwallia tibialis






Dysticidae Maraenobiotus brucei (3) Ostracoda	(2)























history	stage;	 in	winter,	 juvenile	stages	of	all	 insect	species	 inhabit	




































































































































































































































































































































































can	 drive	 catastrophic	 shifts	 in	 ecosystems	 (Scheffer,	 Carpenter,	
Foley,	Folke,	&	Walker,	2001),	and	findings	from	this	study	suggest	








successional	 tendency	 to	 shift	 toward	 state	A.	Consider	 then	 two	
extreme	flooding	events,	potentially	occurring	at	different	times	of	
the	year,	either	in	the	same	year	or	in	different	years.	The	first	ex-


























refugia	during	high	 flows	 following	 storm	events	 (Mesa,	 2012).	The	
persistence	of	a	number	of	the	smaller	chironomid	species	following	












































fast	 development	 to	 aerial	 adult	 stage	 and	 egg-	laying	 synchronized	
with	seasonal	lower	flows	(Lytle	&	Poff,	2004;	Southwood,	1977).
Where	 the	community	becomes	more	 resilient	 to	 future	change	
following	a	shift	 to	a	different	state	 (Figure	6b),	a	 further	shift	 from	
state	B	 to	 state	C	may	 require	 an	extreme	event	 (T2)	 that	 is	 higher	
intensity	(size	or	duration)	and/or	has	differing	timing	and	predictabil-




mer,	many	aquatic	 insects	 are	 in	 their	 aerial	 stage	and	can	 lay	 their	
eggs	rapidly	following	a	flood,	whereas	in	winter,	the	potential	for	ae-
rial	colonization	is	limited	as	the	majority	of	insects	are	in	the	egg	or	








In	 addition,	 long-	term	 changes	 in	 the	 habitat	 template	 (Gothe	
et	al.,	2017)	as	well	as	dispersal	limitations	(Brown	et	al.,	2018)	can	











omid	species	 following	 the	 summer	 flooding	causing	overall	 lower	
community	persistence.	The	 lack	of	 resilience	of	some	groups	and	






past	extreme	flood	events	when	they	appear	 in	 the	 record.	Other	
groups	were	surprisingly	 resilient;	 juvenile	coho	salmon	 recovered	
rapidly	following	the	2005	flood	despite	the	continued	lack	of	geo-
morphological	 complexity	 in	 the	stream	with	 respect	 to	 their	pre-














facilitate	 the	 recolonization	 of	 taxa	 that	 have	 been	 eliminated	 and	
enable	 the	 reversal	 of	 the	 documented	 shifts	 in	 community	 states	
following	 these	 extreme	 events.	 More	 realistically,	 managers	 must	
accept	dynamic	change	as	a	natural	component	of	 river	ecosystems	
(Mainstone,	2017)	and	rivers	should	be	allowed	to	flood	and	rework	




the	 resilience	of	 the	system	to	 these	events	may	need	 to	be	 imple-
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APPENDIX 1
TABLE A Percent Jaccards Similarity Coefficients for year pairs for 
the macroinvertebrate and meiofaunal communities








1994–1996 48 1994–1995 70
1996–1997 76 1995–1996 28
1997–1998 67 1996–1997 46
1998–1999 74 1997–1998 58
1999–2000 77 1998–1999 64
2000–2001 91 1999–2000 66
2001–2002 67 2000–2001 80
2002–2004 46 2001–2002 54
2004–2005 60 2002–2003 71
2005–2006 54 2003–2004 75
2006–2007 59 2004–2006 46
2007–2008 39 2006–2007 75
2008–2010 40 2007–2008 62
2010–2011 83 2008–2010 58
2011–2012 82 2010–2013 66
2012–2013 77 2013–2014 46
2013–2014 79 2014–2015 66
2014–2015 24
